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Abstract

The condition assessment of alkali-silica reaction (ASR)-damaged concrete structures neces-
sitates accurate reproduction of ASR expansion progression and its induced load effects
across time and spatial dimensions. To address this challenge, a time-dependent free ASR
expansion model was developed based on experimental measurements. A user subroutine
incorporating stress-dependent behavior for restrained ASR expansion evolution was im-
plemented on the ABAQUS platform and validated through simulation of ASR expansion
in specimens under external loading and internal reinforcement restraint. Finite element
analyses of the reinforced concrete specimens revealed distinct variations in ASR expan-
sion between the surface and interior zones of concrete members. The assumption that
surface ASR expansion strain equals steel rebar strain leads to significant overestimation
of actual rebar stress and strain conditions. Additionally, based on the validated finite
element model, the influence of elastic modulus, creep, stress-dependent function, steel
plate thickness, and reinforcement ratio on the ASR expansion was investigated. For the
reinforced concrete specimens, the stress variation over the cross-section is considerably
reduced when creep is considered, while the concrete strain at the surface is only slightly
influenced by creep.

Keywords: alkali-silica reaction; restrained expansion effects; numerical simulation; user
subroutine; concrete specimens

1. Introduction
1.1. Background and Motivation

Alkali-silica reaction (ASR) is a durability concern in existing concrete structures,
caused by the chemical reaction between reactive silica in aggregates and alkalis in cement
clinker. In the presence of water, ASR-induced gel expansion creates increasing inter-
nal pressure within localized regions of the cementitious matrix, leading to deformation
and potentially initiating micro- to macro-cracking and excessive expansion [1]. Recently,
the solidification pressure exerted by precipitating negatively charged ASR products has
been demonstrated to be the mechanism leading to aggregate cracking and expansion
of ASR-affected concrete [2]. ASR expansion results in concrete property deterioration,
surface map cracking, and structural misalignment [3]. Evidence of ASR deterioration has
been documented in dams, bridges, and building structures worldwide, particularly in the
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UK [3], France [4], Canada [5], Japan [6], Denmark [7], and Norway [8,9]. The ASR-induced
permanent deterioration at both material and structural levels has attracted significant
attention from researchers, engineers, and infrastructure administrators. Consequently,
accurate estimation of ASR expansion progression and quantitative assessment of dam-
aged concrete structures across time and space are crucial for ensuring structural safety
throughout the service life.

1.2. State-of-the-Art
1.2.1. Restrained ASR Expansion

In concrete structures, ASR expansion is inherently restrained by surrounding non-
active concrete elements, externally applied stresses, and internal reinforcement. This re-
straint leads to reduced or inhibited expansion in the direction of constraint, with dominant
cracks forming parallel to this direction [3]. In ASR-affected reinforced concrete (RC) struc-
tures, the restrained ASR expansion generates a prestressing effect, resulting in concrete
under compression and steel reinforcement under tension, potentially leading to yielding
and rupture [6]. Experimental studies investigating the influence of applied stresses and
reinforcement on ASR expansion have been conducted over recent decades [10–24]. These
studies have established several consistent conclusions: specimens under applied com-
pressive stresses exhibit decreased expansion compared to unloaded specimens, external
tensile stress shows negligible impact on ASR expansion, and expansion remains largely
unaffected by restraint perpendicular to its direction. Although laboratory testing provides
quantitative data on ASR expansion response under restraints, it has limitations. For in-
stance, due to technical constraints of testing equipment, measurements are often restricted
to specimen surface expansion.

1.2.2. Numerical Modeling

In contrast to laboratory testing, numerical simulation offers a comprehensive ap-
proach for monitoring ASR expansion without constraints on measurement points or spatial
limitations. Numerical models for ASR expansion have evolved alongside laboratory ex-
periments, spanning micro-, meso-, and macro-scales [25]. Micro-scale models can be
categorized into two types. The first type [26,27] focuses on micro-physical mechanisms
contributing to ASR expansion, including alkali diffusion, ASR gel formation, and water
supply. The second type [28,29] emphasizes the simulation of deterioration effects caused
by gel expansion-induced pressure, based on linear elastic fracture mechanics. This ap-
proach models a representative elementary volume (REV) of concrete with ASR-induced
damage through a synthesis of distributed micro-cracks and mean-field homogenization.
However, these models are heavily dependent on reaction and swelling phenomena and
mathematical assumptions, making their application challenging in the condition assess-
ment of ASR-affected infrastructure.

Meso-scale models, which separately simulate aggregates, cement paste, and inter-
facial transition zones, effectively reproduce ASR expansion-induced cracking and stiff-
ness degradation through finite-element [30] or discrete-element analysis [31–33]. Al-
though recent models [32,33] have successfully incorporated steel reinforcement and
concrete-rebar interface simulations, the extensive computational time and storage re-
quirements limit meso-scale models to local analysis of concrete members. Additionally,
these models have not yet successfully captured the decreased expansion phenomenon
under compressive stress.

The micro-macro models, also known as thermo-chemo-mechanical models, were
initially proposed by Ulm et al. [1] based on reaction-swelling kinetics. Subsequent de-
velopments have produced more sophisticated models incorporating chemo-plasticity of
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ASR swelling, stress dependence, and concrete damage [4,34–38]. These advanced models
have been successfully applied to service performance assessments of dams, bridges, and
shear walls. Additionally, the macro-scale models to simulate the orthotropic ASR expan-
sion have been developed based on global kinetics, including temperature and humidity
effects [39,40]. However, determining ASR expansion evolution through these models
requires numerous variables related to the physicochemical reaction process, limiting their
widespread application.

Additionally, Morenon et al. [41] have developed a constitutive law for concrete suffer-
ing from ASR within the poromechanical framework. In this law, cracking is represented
by two components: structural cracking, modeled using the smeared crack approach, and
ASR-induced diffuse cracking. This model has been successfully applied to assess the resid-
ual flexural capacity of laboratory beam specimens subjected to ASR [41,42]. Gorga et al.
conducted a 3D numerical assessment of the damage condition for an ASR-affected concrete
overpass in service for 50 years [5]. However, the reference did not clearly describe the free
expansion data, including the final expansion strain and the evolution function. It can be
inferred that the final expansion was determined from microscopic testing of drill core sam-
ples, while the expansion evolution function was based on the thermo-chemo-mechanical
model developed by Ulm et al. [1]. Kongshaug et al. [43] developed a constitutive model
for ASR-affected concrete that accounts for stress-dependent anisotropic expansion, deteri-
oration of mechanical properties, creep, cracking, and crushing. This model was extended
from 1D to 3D and applied to simulate the damage condition of a continuous concrete beam
bridge in Norway [44]. A linear expansion evolution function over time was assumed due
to the lack of sufficient expansion monitoring data.

1.3. Existing Research Gaps

Despite the above efforts, several significant research gaps remain to be solved, and
the following are addressed in the present research work:

(1) A simplified time-dependent free ASR expansion model is needed as input data for
the restrained ASR expansion simulation. This model should minimize the number of
variables to facilitate practical engineering applications.

(2) There is a critical need to develop a comprehensive numerical model at the macro-scale
that can accurately simulate ASR expansion evolution under both external and internal
restraints while incorporating stress-dependent behavior.

(3) It should be possible to identify the model parameters from experimental testing.
(4) The general validity of the model should be proven by showing that the same model

parameters can be used to describe the structural behavior of several types of structural
members with sufficient accuracy.

(5) The influence of ASR-induced deteriorated concrete elastic modulus, creep, stress-
dependent function, external loading, and reinforcement ratio on ASR expansion
should be numerically quantified.

1.4. Aim and Scope of This Study

This study aims to develop a numerical model to simulate the restrained ASR expan-
sion advancement and to establish a framework for load effect prediction. A normalized
time-dependent free ASR expansion model was developed based on measurements of
free ASR expansion history from a comprehensive laboratory program, which were part
of the PhD study by Kathrine Mürer Stemland [20]. Using the ABAQUS platform, finite
element models incorporating a user subroutine for restrained ASR expansion simulation
were established and validated against experimental data. Additionally, based on the
validated finite element models, the influence of ASR-induced deteriorated concrete elastic
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modulus, creep, stress-dependent function, external loading, and reinforcement ratio on
ASR expansion has been studied. The novelty of this study is the establishment of the
time-dependent free ASR expansion model and the development of a user subroutine for
restrained ASR expansion simulation for laboratory samples. This programming can also
be extended to applications in real structures.

This research constitutes a part of the MESLA (Management and Extension of Service
Life of infrastructures affected by Alkali-silica reactions) project funded by the Norwegian
Research Council. The project period is 2021–2026, and the project owner is the Norwegian
University of Science and Technology (NTNU). The overall aim of MESLA is to build up
new knowledge regarding the management and maintenance of existing ASR-affected
structures in technically, economically, and environmentally beneficial ways, and verify
how this knowledge can be applied to ensure structural safety and extend the service life
of existing bridges in Norway.

2. Experimental Program
2.1. Materials and Methods
2.1.1. Test Design and Measurement

Table 1 lists the ASR expansion test overview; each test had one sample. The
tests consisted of two campaigns, which were conducted in 2019 and 2020, respec-
tively [20]. To quantify the influence of external and internal restraints on ASR ex-
pansion, the restrained samples were divided into two types: plain concrete cubes
(230 mm × 230 mm × 230 mm) under external compressive stress, and reinforced concrete
prisms (230 mm × 230 mm × 300 mm) with four internal ribbed steel rebars (diameters
varying from 10 mm, 16 mm to 20 mm). These samples are labeled as 2019/2020-LoadCube
and 2019/2020-RcPrism. Additionally, free ASR expansion cube and prism samples,
marked as 2019/2020-Cube and 2019/2020-Prism, were designed as references for the
restrained expansion samples.

Table 1. Test sample overview [20].

ASR Expansion Types Sample Labels Compressive Stress or
Rebars Dimensions [mm]

Free expansion

2019-Cube — 230 × 230 × 230

2019-Prism — 230 × 230 × 300

2020-Cube — 230 × 230 × 230

2020-Prism — 230 × 230 × 300

Restrained expansion:
external compressive stress

2019-LoadCube 3 MPa
230 × 230 × 230

2020-LoadCube 3 MPa

Restrained expansion:
internal rebars

2019-RcPrism-4ds10 4ds10 (ρs0.6%)

230 × 230 × 300
2019-RcPrism-4ds16 4ds16 (ρs1.5%)

2020-RcPrism-4ds16 4ds16 (ρs1.5%)

2020-RcPrism-4ds20 4ds20 (ρs2.4%)
Notes: ds is the rebar diameter, and ρs is the reinforcement ratio.

Figure 1 illustrates the test samples and expansion measuring methods. For the
LoadCube samples, a steel frame was designed to apply a constant 3 MPa compressive
stress to the cube surface by tightening the rods. A load cell was placed between the steel
frame and a 40 mm thick steel plate attached to the LoadCube top surface to measure the
applied load. Two Teflon layers were placed between the LoadCube and the steel plates to
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prevent side-way restraint. To ensure a similar moisture storage condition, two steel plates
with a thickness of 10 mm were attached to the top and bottom surfaces of the free cube
samples. For the RcPrism samples, two 10/15 mm-thick (10 mm for 2019-RcPrism-4ds10,
2019-RcPrism-4ds16, and 2020-RcPrism-4ds16, and 15 mm for 2020-RcPrism-4ds20) steel
plates were placed at the two end surfaces. The rebars were welded to the steel plates.
Accordingly, the free prism samples were equipped with two 10 mm thick steel plates
at similar end surfaces. The expansion was measured between glued metal studs with
a distance of 200 mm in each direction on all available surfaces using a Digital DEMEC
Mechanical Strain Gauge instrument.

Figure 1. Specimen design (unit: mm): (a) LoadCube samples; (b) free expansion cube samples;
(c) RcPrism samples and cross-section; and (d) free expansion prism samples [20].

2.1.2. Materials and Properties Characterization

The concrete mix was designed to be representative of concrete used in Norwegian
bridges built in the 1960s–1970s. The mix [20] contains alkali-reactive coarse aggregate from
crushed cataclasite (Ottersbo 4/16 mm), non-reactive sand mainly consisting of granite and
gneiss (Årdal 0/4 mm), 457 kg/m3 ordinary Portland cement (Norcem Industry, CEM I
42.5R with 1.24% Na2Oeq), which gives an alkali content of 5.6 kg Na2Oeq/m3. The 2019
series and 2020 series adopted similar concrete mixes, but different water-cement ratios
(0.47 for the 2019 series and 0.54 for the 2020 series).

All the ASR expansion samples were stored in containers with a constant temperature
of 38 ◦C and 100% RH to accelerate the reaction. The reference samples were cured at 20 ◦C
under wet burlaps and plastic sheets. The 28-day mechanical properties of the concrete are
listed in Table 2. The ribbed steel rebars are of quality B500NC. Direct tension tests were
carried out, and the elastic modulus Es, yield strength f sy, and yield strain εsy of the rebars
are summarized in Table 3.
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Table 2. Basic mechanical properties of the applied concrete [20].

Series f cm [MPa] Ecm [MPa] [45]

2019 54.0 36,487

2020 43.2 34,125
Notes: f cm is the average cylinder compressive strength; Ecm is the average elastic modulus, calculated according
to 22,000 [(f cm)/10]0.3 [45].

Table 3. Basic mechanical properties of the rebars [20].

ds [mm] Es [MPa] f sy [MPa] εsy [×10−6]

10 207,505 544 2980

16 210,559 536 3110

20 218,114 532 3060

2.2. Test Results and Analysis

The measured expansions divided by the gauge length (200 mm) defined the expansion
strains in ‰ (mm/m). The average results of the corresponding Digital DEMEC Mechanical
Strain Gauge instruments in Figure 1 were used to identify the expansion response. Figure 2
shows the average free expansion development of the corresponding Cube and Prism
samples. For the Prism samples, the expansion strain in the transversal direction is the
average of the values at the x and y directions, while for the cubes, the free expansions in
all three directions are presented. The single measurements are reported in [20]. Figure 3
presents the average restrained expansion development in the load direction and the
average expansion in the free direction (without external load) of the LoadCube samples.
Figure 4 illustrates the restrained expansion history in the rebar direction and the free
direction (orthogonal to the rebar direction) of the RcPrism samples. In these figures, tend

is the final expansion measuring date, εasr denotes the free ASR expansion strain (εasr,end

corresponds to tend), while εasr,re denotes the restrained ASR expansion strain.
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Figure 2. Free ASR expansion history of: (a) 2019-Cube sample; (b) 2020-Cube sample; (c) 2019-Prism
sample; and (d) 2020-Prism sample [20].
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Figure 4. Restrained ASR expansion history of: (a) 2019-RcPrism-4ds10 sample; (b) 2019-RcPrism-
4ds16 sample; (c) 2020-RcPrism-4ds16 sample; and (d) 2020-RcPrism-4ds20 sample.

As demonstrated in Figures 3 and 4, the ASR expansion strain in the load direction or
in the rebar direction is significantly lower than in the corresponding free directions, indi-
cating that restraints from external loading or internal reinforcement lead to significantly
reduced expansion. The mechanism of the restrained ASR expansion will be interpreted
in Section 3.1. The final expansion strains for all the samples are presented in Table 4. As
illustrated, the free ASR expansion strains (free ASR expansion strain for free samples,
and the restrained ASR expansion strain in the free direction for restrained samples) ex-
hibited some scatter even if adopting the same concrete batch with the same expansion
measuring duration. For the 2020-Cube sample, the average final free ASR expansion strain
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is 4.209‰ at 531 days, which is significantly lower than that of the 2020-Prism sample
(5.056‰). The final free ASR expansion strains of the 2019-RcPrism-4ds10 and 2019-RcPrism-
4ds16 samples are 6.195‰ and 7.306‰, respectively, which are larger than the 2019-Prism
sample (5.432‰). While the final free ASR expansion strains of the 2020-RcPrism-4ds16
and 2020-RcPrism-4ds20 samples are 4.404‰ and 4.618‰, respectively, which are smaller
than the 2020-Prism sample (5.056‰). This scatter can partly be due to the random sur-
face cracks that occurred late in the expansion process, and which notably influence the
measured expansion.

Table 4. Final ASR expansion strain [20].

Expansion
Type Sample Labels

t x-Free y-Free z-Free y or z-
Restrained Ave.

Days ‰ ‰ ‰ ‰ ‰

Free

2019-Cube 594 4.142 3.096 3.722 — 3.653

2020-Cube 531 3.952 4.644 4.030 — 4.209

2019-Prism 1100 5.495 5.305 — 5.432

2020-Prism 531 5.090 4.989 — 5.056

Restrained

2019-LoadCube 594 3.255 — 3.705 1.334 —

2020-LoadCube 531 4.995 — 4.318 1.443 —

2019-RcPrism-4ds10 1100 6.195 — 3.437 —

2019-RcPrism-4ds16 1100 7.306 — 3.349 —

2020-RcPrism-4ds16 531 4.404 — 2.641 —

2020-RcPrism-4ds20 531 4.618 — 2.316 —

2.3. Free ASR Expansion Model

A time-dependent free ASR expansion function, which could identify the whole
reaction process, is the basis for an accurate simulation of restrained ASR expansion
development. Based on all the free ASR expansion test data in Figure 2, a normalized free
ASR expansion model was proposed and fitted, given in Figure 5a and Equation (1):

εasr(t)
εasr,end

= 1 − exp

[
−3.78

(
t

tend

)1.56
]

(1)

where tend is the final measurement time, while εasr,end is the measured free ASR expansion
strain at this time. Once εasr,end and tend are given, the whole ASR process can be achieved
according to Equation (1). The parameters in Equation (1) were determined using nonlinear
least-squares regression implemented in Python 3.13. The fitting was performed using the
Levenberg–Marquardt algorithm with default convergence criteria.

The proposed free ASR expansion model was compared with the physical interpreta-
tion curve of ASR [46] presented in Figure 5b. It can be observed that the two curves exhibit
similar time-dependent trends, which could be divided into three stages: incubation, rapid
development (with a constant expansion rate), and deceleration (approaching the limit).
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Figure 5. ASR expansion curve: (a) free ASR expansion model proposed in this study; (b) physical
interpretation related to the ASR [2,46].

3. Numerical Simulation
3.1. Mechanism, Methodology and Numerical Implementation

Figure 6 illustrates the schematic diagram of the restrained ASR effect in RC members.
In the absence of both external and internal restraints, the free ASR expansion or expansion
strain εasr in plain concrete members develops. The free ASR expansion in the rebar
direction is restrained by the presence of rebars in the concrete, leading to concrete under
compression and rebar in tension, as shown in Figure 6c. The developed expansion strain
in concrete is termed the restrained ASR expansion strain εasr,re. The induced restrained
compressive stress σc,re in the concrete and the tensile stress σs,re in the rebar can be derived
from internal force equilibrium, as given by Equation (2):

σc,re Ac + σs,re As = 0 (2)

where Ac and As are cross-section areas of concrete and steel rebar, respectively.

(a) Initial state

(b) Free ASR expansion

(c) Restrained ASR expansion, 
without stress-dependence

(d) Restrained ASR expansion, 
with stress-dependence

(e) Compressive creep effect

: Restrained ASR expansion strain
εcc

εasr,reεasr : Free ASR expansion strain
: Compressive creep strain σc,re : Restrained compressive stress

σs,re : Restrained tensile stress

σc,re
σs,re

Rebar

εasr

εasr,re

εasr,re

Concrete

σc,re
σs,re

εccεasr,re

σc,re

σs,re

Figure 6. Restrained ASR expansion effect for RC members.

Furthermore, it has been known for decades [7,8] that the concrete compressive stress
leads to further reduced ASR expansion, i.e., the ASR expansion is stress-dependent, as
illustrated in Figure 6d compared with Figure 6c. Additionally, the restrained ASR-induced

https://doi.org/10.3390/modelling7020074

https://doi.org/10.3390/modelling7020074


Modelling 2026, 7, 74 10 of 35

concrete compressive stress results in compressive creep strain εcc in concrete, further
reducing the ASR expansion.

The stress-dependence of ASR expansion can be expressed by the stress-expansion
relationship:

εasr,re(t) = W(σ) · εasr(t) (3)

where W(σ) is the stress-dependent coefficient or weight coefficient, which can be expressed
as a function of concrete stress σ according to Charlwood et al. [47], shown in Figure 7a
and given by:

W(σ) =


1 σ > −σL

1 − log (σ/−σL)
(σU/σL)

− σU ≤ σ < −σL

0 σ < −σU

(4)

where the material parameter σU is the upper compressive stress bound, i.e., the stress
that stops the ASR expansion completely; the material parameter σL is the lower compres-
sive stress bound, below which the stress effect is negligible. The two material parame-
ters, which may depend on the concrete mix composition, must be determined through
restrained ASR expansion tests [43]. Berra et al. [22] revealed that the restrained ASR
expansion under a compressive stress of 0.17 MPa is similar to the corresponding free
expansion, regardless of the concrete mix. Hence, σL can be chosen as 0.2 MPa. Relevant
test data [10–18] on the relation of compressive stress and restrained expansion expressed
as a percentage of free expansion is plotted in Figure 7b; the σU value ranges from 4 MPa to
10 MPa, even exceeding 10 MPa. As compressive stress of 6 MPa covers most of the data
points, σU was set to 6 MPa in the present work.
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Figure 7. Stress-dependent nature of ASR expansion: (a) stress-dependent function; (b) relationship
of compressive stress and restrained expansion expressed as a percentage of free expansion (Data
adapted from [10–20]); and (c) ASR-affected bridge cases in Norway (photos by Zhanchong Shi).

The stress-dependent nature of the ASR expansion can be observed by vertical cracks
in RC bridge piers exposed to ASR, as illustrated in Figure 7c. As bridge piers mainly
sustain vertical compressive stress from the superstructures, this leads to lower expansion
in the vertical direction compared to the lateral directions, making them prone to inducing
vertical cracks.

Relevant studies [10,11,16,20,48–50] on the ASR expansion of rebar-reinforced con-
crete components have been conducted, and Figure 8 presents the relationship of rein-
forcement ratio and restrained expansion expressed as a percentage of free expansion.
Though exhibiting some scatter, the developed ASR expansion decreases with the increased
reinforcement ratio.
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Figure 8. Relationship of reinforcement ratio and restrained expansion expressed as a percentage of
free expansion (Data adapted from [10,11,16,20,48–50]).

This study developed an incremental stress-dependent and anisotropic ASR expansion
algorithm into the ABAQUS platform, which offers interfaces through user subroutines [51].
The ASR expansion strain and the following creep strain were treated as thermal strain
imposed on the concrete element and were input to the ABAQUS implicit solver. Therefore,
the concrete total strain was composed of the imposed thermal strain and the mechanical
strain. It is noted that, although the ASR expansion is characterized by anisotropy, the
isotropic concrete mechanical properties according to the largest developed ASR expansion
strain were adopted in this study. This will be introduced in the following section. The user
subroutines USDFLD and UEXPAN, combined with the utility routine GETVRM, were
used to calculate and apply the restrained ASR expansion strain increment in the form of:

∆εasr,re(t) = W(σ) · ∆εasr(t) (5)

where ∆εasr(t) is the free ASR expansion strain increment; ∆εasr,re (t) is the restrained ASR
expansion strain increment; W(σ) is a stress-dependent coefficient given by Equation (4),
and the concrete normal stresses in the three coordinate axes of the global coordinate
system, σc,x, σc,y, and σc,z, are adopted separately in W(σ).

As for concrete creep deformation, a similar simulation method to the ASR ex-
pansion was adopted. According to Eurocode 2 [45], the creep coefficient was defined
in Equation (6).

φ(t, t0) = φ0 · βc(t, t0) (6)

where φ0 is the notional creep coefficient; βc(t,t0) is a factor to allow for the effect of concrete
age at loading on the notional creep coefficient. For the convenience of achieving creep
simulation in codes, this study adopted the Dirichlet series [52], as given in Equation (7),
where m is taken as 1 to 4, ai and βi are fitted parameters.

βc(t, t0) =
m

∑
i=1

ai[1 − e−βi(t,t0)] (7)

The creep strain at time tn and tn−1 can be expressed in Equation (8) and Equation
(9), respectively, then the creep strain increment from tn−1 to tn can be obtained, given in
Equation (10). The creep strain increment can be further expressed in Equation (11), where
Ai,n is achieved in the form of recursion formula as given by Equations (12) and (13). As
shown, this formulation requires only the stress increments from the previous time step,
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thereby eliminating the need to store the entire stress history. This significantly reduces the
memory requirements.

εcc(tn) =
n

∑
j=0

∆σc(tj)

Ec(tj)
· φ(tn, tj) (8)

εcc(tn−1) =
n−1

∑
j=0

∆σc(tj)

Ec(tj)
· φ(tn−1, tj) (9)

∆εcc(tn, tn−1) = εcc(tn)− εcc(tn−1)

=
m
∑

i=1

{[
n−1
∑

j=0

∆σc(tj)

Ec(tj)
· φj · ai · e−βi(tn−1−tj)

]
·
(
1 − e−βi∆tn

)} (10)

∆εcc(tn, tn−1) =
m
∑

i=1
Ai,n·[1 − e−βi∆tn ] (11)

Ai,n =
n−1

∑
j=0

∆σc(tj)

Ec(tj)
· φj · ai · e−βi(tn−1−tj) (12)

Ai,n = Ai,n−1 · e−βi∆tn +
∆σc(tn−1)

Ec(tn−1)
· φn−1 · ai (13)

Figure 9 shows the flowchart for the ASR expansion and creep modeling user subrou-
tine. The main steps for the ASR expansion simulation in USDFLD can be described as:

• Step 1: Get the stress tensor σij of the previous time increment through GETVRM,
giving the concrete normal stress components σc,x, σc,y, and σc,z.

• Step 2: Calculate the three restrained ASR expansion strain increments ∆εasr,res,x,
∆εasr,res,y, ∆εasr,res,z according to Equation (5).

• Step 3: Obtain the maximum accumulated restrained ASR expansion strain
εasr,res = max{εasr,res,x, εasr,res,y, εasr,res,z}, and define it as a field variable to update
the concrete E-modulus according to Equation (14). In this equation, an isotropic
ASR-affected concrete E-modulus was derived.

Ecm,asr

Ecm
= 1 − εasr,re

εasr,re + 0.0033
(14)

Equation (14) was fitted by Kongshaug et al. [19]. This relationship defines the cor-
relation between deteriorated concrete E-modulus due to ASR, denoted as Ecm,asr, and
the corresponding ASR expansion strain εasr,res, where the Ecm represents the mean elastic
modulus of undamaged concrete at 28 days.

The main steps for the concrete creep simulation in USDFLD are described as:

• Step 1: Get the stress tensor σij of the previous time increment through GETVRM, and
calculate the increments of normal stress components ∆σc,x, ∆σc,y, and ∆σc,z.

• Step 2: Access updated E-modulus and calculate Ai,n based on Equation (13).
• Step 3: Determine the three creep strain increments ∆εcc,x, ∆εcc,y, ∆εcc,z following

Equation (11).

Furthermore, the thermal strain increments ∆εthe,x, ∆εthe,y, ∆εthe,z can be obtained by
summing the ASR expansion and creep strain increments, as follows:

∆εthe,i = ∆εasr,re,i + ∆εcc,i (15)

where i represents the three directions of the coordinate system, x, y, and z, respectively.
The thermal strain increments are stored as state variables (STATEVs) in USDFLD and

later retrieved in UEXPAN, where they are applied along the three coordinate axes.
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It should be noted that the adopted ASR expansion simulation approach is an average
strain method. In this method, the local ASR-induced expansion and cracking and the
consequent anisotropic degradation of concrete properties cannot be achieved.
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Figure 9. Flowchart for ASR expansion and creep modeling user subroutine.

3.2. Finite Element Model

The numerical simulation of the restrained ASR expansion for the tested LoadCube
and RcPrism samples was conducted using the established method. In this method, the
input value of the final free ASR expansion strain εasr,end has a significant influence on the
simulation results. As illustrated in Table 4, the tested free ASR expansion strains from
the free expansion samples and from the restrained expansion samples exhibited a certain
scatter. Therefore, a unified method for obtaining the value of εasr,end to be used in the user
subroutine was defined as the larger one of the final free ASR expansion strains from the
restrained samples and the corresponding free samples. It is noted that the creep simulation
and ASR-induced damaged concrete E-modulus were not incorporated in the following
finite element models, considering that the ASR expansion is significantly larger than the
elastic and creep deformations. The influence of deteriorated concrete E-modulus and
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creep behavior on the numerical results will be further elaborated in a parametric study
in Section 4.

Figure 10 shows the FE models for the tested LoadCube and RcPrism samples. The
concrete cube, concrete prism, steel plates, and load cell were modeled by the linearly
interpolated 3D solid element C3D8R, while the steel rebars were simulated using the
two-node truss element T3D2. An elastic modulus Es of 210,000 MPa was adopted for the
steel plate and the load cell. A tri-linear constitutive model was adopted for the steel rebars,
as given in Equation (16) and plotted in Figure 11:

σs =


Esεs 0 < εs ≤ εsy

fsy εsy < εs ≤ k1εsy

fsy + Ep
(
εs − k1εsy

)
k1εsy < εs ≤ k2εsy

(16)

where the yielding strength f sy and elastic modulus Es were according to Table 3; the
yielding strain εsy was calculated as f sy/Es. Because the complete tensile stress–strain curve
of steel rebar was not obtained in the material test, the tensile strength f su was taken as
1.2 f sy, k1 and k2 were taken as 10 [53] and 40 [54], respectively; while the plastic modulus
can be obtained as Ep = (f su − f sy)/[(k2 − k1) εsy].

Figure 10. FE models for: (a) LoadCube samples; and (b) RcPrism samples.

For the LoadCube FE models, the three translational degrees of freedom Ux, Uy,
and Uz of four supporting points (corresponding to the four threaded steel rods) at the
bottom surface of the bottom steel plate were restrained. Two approaches, tie and contact,
were adopted to model the steel-Teflon-concrete interfaces. The modeling details and
their influence on the simulation results will be described in Section 3.4.1. The connection
between the load cell and the top steel plate was simulated using a tie. The load steps
consisted of an external load step (step 1) and subsequent ASR expansion steps. At the
external loading step, a load was applied to the top surface of the load cell, which will
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induce an average compressive stress of 3 MPa on the concrete cube top surface. Each ASR
expansion step corresponds to one day; the total step numbers correspond to the expansion
measuring duration.

εsy εsu=k2εsyΟ
εs

σ s

k1εsy

fsy

fsu

Es

Ep
1

1

Figure 11. Tensile constitutive model of steel rebar.

For the RcPrism FE models, the steel rebars were embedded in the concrete. The two
steel plates were tied to the concrete surfaces. As for the boundary condition simulations,
the vertical translational freedom Uy of the two corner points at the concrete bottom surface
was restrained, while the three translational degrees of freedom Ux, Uy, and Uz of the other
two corner points were restrained. The simulation of the ASR expansion history for the
RcPrism samples was similar to that of the LoadCube samples.

3.3. Mesh Size Dependence

The 2020-LoadCube and 2020-RcPrism-4ds16 samples were chosen to conduct mesh
size dependence analysis for the LoadCube and RcPrism samples, respectively. The
obtained FE expansion was determined as the displacement difference between the
two measuring points (gauge length of 200 mm) of the Digital DEMEC Mechanical
Strain Gauge.

For the 2020-LoadCube sample, a 20 mm mesh size was used for the steel plates and
load cell. Alternative mesh sizes of 5 mm, 10 mm, and 20 mm for the concrete cube were
used to investigate their influence on the simulation results. It should be noted that a
tie connection was used to model the steel-Teflon-concrete interface connection in the FE
model. Figure 12a compares the restrained ASR expansion obtained by different mesh
sizes. As shown, the three investigated mesh sizes had a relatively small influence on the
expansions in the load direction as well as the free direction. To improve the computation
efficiency, a mesh size of 20 mm was chosen for the following FE models representing the
LoadCube samples.

For the 2020-RcPrism-4ds16 sample, the mesh size for the steel plate was 20 mm, while
mesh sizes of 5 mm, 10 mm, and 20 mm for the concrete were used to quantify the effect
on the simulation results. As illustrated in Figure 12b, the three mesh sizes had a limited
influence on the expansions in the rebar and in the free directions. The mesh size of 10 mm
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was selected for the subsequent simulation for RcPrism samples, considering computation
efficiency as well as more data to conduct the restrained expansion effect analysis.
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Figure 12. FE restrained expansions from different mesh sizes for: (a) 2020-LoadCube sample; and
(b) 2020-RcPrism-4ds16 sample.

3.4. Validation and Discussion
3.4.1. LoadCube Samples

As the steel-Teflon-concrete interface property was an unknown parameter, two in-
terface modeling methods, tie and surface-to-surface contact, were compared to identify
the influence on the FE expansion responses. The mechanism of the modeling methods
is shown in Figure 13a. For the contact connection, the normal direction was modeled
using a hard contact to prevent the mutual penetration of the steel plate and concrete prism,
and the tangential direction was simulated by a penalty function with three alternative
coefficients of friction values of 0.6, 0.4, and 0.2. The tie is the most rigid connection (infinite
stiffness in both directions), while for the contact connection, descending coefficients of
friction from 0.6 to 0.2 indicate reduced tangential constraints.

Figure 13b compares the experimental and numerical ASR expansions at the concrete
surface for the 2020-LoadCube sample. As shown, as the lateral constraint reduces from
tie to a friction coefficient of 0.2, the restrained expansion in the free direction exhibited
an increasing trend, while the restrained expansion in the load direction presented an
opposite response. This is because the stiffer the lateral constraint, the lower the lateral
expansion (free direction), leading to an increased vertical expansion (load direction) at the
outer edge of the concrete cube. This is illustrated in Figure 14, where the FE expansion
deformations are compared. Furthermore, the FE expansion response at the load direction
from a friction coefficient of 0.4 provided the best agreement with the test data. Therefore,
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surface-to-surface contact with a friction coefficient of 0.4 was chosen to model the steel-
Teflon-concrete interface in all the following FE models for the LoadCube samples.
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Figure 13. Influence of steel-Teflon-concrete interface modeling on FE restrained ASR expansions of
2020-LoadCube sample: (a) interface simulation methods; and (b) comparison between experimental
and FE results.

 
Figure 14. Comparison of interface simulation methods on the FE deformations at the surface of
the 2020-LoadCube sample (the deformations are zero in the horizontal middle plane): (a) contact,
µ = 0.2; (b) contact, µ = 0.4; (c) contact, µ = 0.6; and (d) tie.

The FE modeling results of all the LoadCube samples, with and without considering
stress-dependent expansion (noted as FEM-SD and FEM-No SD, respectively) were selected
to be compared with the test measurements, as shown in Figure 15. It is clear that the FE
model, neglecting the stress-dependent nature of ASR expansion, leads to significantly
overestimated expansion in the load direction. When stress-dependence is incorporated
in the FE model, the FE expansions correlate well with the experimental results. Taking
the 2020-LoadCube specimen as an example, FEM-No SD significantly overestimates the
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expansion in the loading direction, predicting a value of 1.07 mm, approximately three
times that of both FEM-SD and the experimental result. In the free direction, however, the
effect of stress dependence is minor, and the FEM predictions remain in good agreement
with the experimental observations. These results therefore demonstrate the validity and
feasibility of the developed ASR expansion user subroutine and FE model.
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Figure 15. Restrained expansion history comparison between FE model and experiment: (a) 2020-
LoadCube sample; and (b) 2019-LoadCube sample.

Figure 16 shows the vertical normal stress distribution at the mid-section of the
2020-LoadCube sample. The stress in the central zone of the cross-section is uniform. The
concrete stress increases with time, induced by the restrained effect from the steel plate and
boundary conditions.

https://doi.org/10.3390/modelling7020074

https://doi.org/10.3390/modelling7020074


Modelling 2026, 7, 74 19 of 35

 

Figure 16. Vertical normal stress distribution at mid-section of the 2020-LoadCube sample: (a) stress
cloud map at 531 days; and (b) stress distribution along the central axis.

3.4.2. RcPrism Samples

Figure 17 compares the restrained expansion history of the FE model and experi-
ments for all the RcPrism samples, in which the FE models with and without considering
stress-dependent expansion were described as FEM-SD and FEM-No SD, respectively. As
shown, stress dependence has a negligible influence on the FE restrained expansion in the
free direction. The FE restrained expansion considering stress dependence yields good
agreement with the experimental measurements. Specifically, take the 2020-RcPrism-4ds16
sample as an example, the final measured expansion in the rebar direction was 0.53 mm,
the FE result considering stress-dependence was 0.52 mm, while the FE value without
stress-dependence was 1.06 mm. As for the free direction, the expansion values of FEM-SD
and FEM-No SD were 1.04 mm and 1.00 mm, respectively, which were quite close to the
experimental expansion of 0.88 mm.

The comparisons between FE and experimental results for both LoadCube and
RcPrism samples demonstrate that the proposed ASR expansion user subroutine can
accurately simulate the time-dependent ASR expansion of concrete members under exter-
nal as well as internal restraint. Additionally, this also validates the good applicability of
the proposed free ASR expansion model in predicting the whole development process of
the restrained ASR expansion. This ASR simulation approach can be extended to the ASR
damage assessment of real structures, e.g., bridges and dams. The corresponding challenge
is the capture of the free ASR expansion strain at the current stage. This input data can be
obtained by the empirical relationship between free ASR expansion strain and E-modules
of drilled cores extracted from the structures.

3.5. Stress and Strain Distributions of RC Samples

Considering that structural concrete members are typically reinforced with steel rebars
under actual service conditions, this section presents an ASR-induced restrained expansion
effect analysis for the RcPrism samples on the basis of the above numerical validation.
As no strain gauges were attached to the rebars to monitor the rebar strain history in the
laboratory test, the rebar stress and strain responses of the FE models were adopted due to
the good simulation results from the above FE models.

3.5.1. Restrained ASR Expansion Strain Distribution

The laboratory test could only capture the ASR expansion on the sample surfaces due
to technical limitations. Based on the validated FE model, the ASR expansion of the three
locations at one cross-section, the surface point, the middle point, and the center point,
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shown in Figure 18a, can be obtained. Each location corresponds to two measuring points
with a gauge length of 200 mm. The restrained ASR expansion strain in the rebar directions
for the three locations can be calculated as the relative expansion of the two measuring
points divided by the gauge length.
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Figure 17. Restrained expansion history comparison between FE model and experiment: (a) 2020-
RcPrism-4ds16 sample; (b) 2020-RcPrism-4ds20 sample; (c) 2019-RcPrism-4ds10 sample; and (d) 2019-
RcPrism-4ds16 sample.

Figure 18b compares the restrained ASR expansion strains at the surface, in the
middle and the center points. As shown, the restrained ASR expansion strain presents a
descending trend from surface to middle and to center, demonstrating the inhomogeneity
of ASR expansion over the same cross-section. The closer the concrete element is to the
center, the stronger the constraints from the surrounding adjacent elements, thus resulting
in less expansion even to compression.
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Figure 18. Restrained ASR expansion strain history: (a) measuring point locations; and (b) comparison curves.

3.5.2. Stress and Strain Analysis

The 2020-RcPrism-4ds16 sample is chosen as a case for stress and strain analysis.
Figure 19 shows the restrained ASR expansion strain distribution and the rebar strain
distribution at 531 days. The ASR expansion strains exhibit a descending trend from the
longitudinal end-section to the mid-section. For the cross-section, the edge parts present
larger ASR expansion strains than the inner part. The rebar strains are increasing from the
end-section to the mid-section.

Figure 19. Strain distribution and deformation geometry at 531 days for the 2020-RcPrism-4ds16
sample: (a) restrained ASR expansion strain in the rebar direction; and (b) rebar strain.

The more detailed restrained ASR strain distribution at the concrete surface and rebar
strain distribution along the longitudinal axis are illustrated in Figure 20a. The restrained
ASR strain decreases from 4970 µε in the end-section to 1950 µε in the mid-section, while
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the rebar strain increases from 170 µε to 1280 µε. Figure 20b compares the restrained ASR
strain and the rebar strain history, where the restrained ASR strain was calculated as the
surface expansion over the 200 mm gauge length. The mid-section rebar stain is 1280 µε at
531 days, which is approximately half of the restrained ASR strain at the concrete surface.
Therefore, if no rebar strain was captured in the laboratory ASR expansion test, taking the
measured ASR expansion strain at the concrete surface as the rebar strain will lead to a
significant overestimation of rebar yielding.

Figure 20. Stresses and strains for the 2020-RcPrism-4ds16 sample: (a) restrained ASR strain distribu-
tion and rebar strain distribution in the longitudinal direction at 531 days; (b) restrained ASR strain
history and rebar strain history; (c) rebar stress distribution at 531 days; (d) concrete normal stress
distribution in the longitudinal direction at 531 days; (e) rebar stress history; (f) concrete compressive
stress history; (g) concrete stress distribution at the mid-section.

Figure 20c and Figure 20d plot the rebar stress and the restrained concrete compressive
stress distribution along the longitudinal axis, respectively. The concrete stress presented is
the average stress of the concrete section, which is achieved through the rebar stress and
internal force equilibrium. The restrained ASR expansion effect leads to rebar stress up to
268.0 MPa and concrete stress reaching −4.1 MPa. The rebar stress history and the concrete
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compressive stress history are illustrated in Figure 20e and Figure 20f, respectively. The FE
stress and strain distribution and development for the other RcPrism samples are presented
in the Appendix A.

Figure 20g presents the concrete stress distribution at the mid-section of the
2020-RcPrism-4ds16 sample. The stress distribution is not uniform, with a decreasing
trend from the center to the edge. Additionally, the concrete stress increases with time due
to the internal force equilibrium from increased rebar strains and stresses.

4. Parametric Study and Effect Prediction Framework
Based on the validated numerical models, a supplementary parametric study of

the expansion behavior of the LoadCube and RcPrism samples was conducted. The
2020-LoadCube sample and the 2020-RcPrism-4ds16 sample were taken as benchmark
examples. Table 5 lists the investigated parameters, including the concrete elastic modulus,
the upper compressive stress bound used by the stress-dependent function, the applied
external stress (for the LoadCube), the creep effect (for the RcPrism), the steel plate thickness
(for the RcPrism), and the reinforcement ratio (for the RcPrism).

The simulations for deteriorated concrete E-modulus and creep were described in
Sub-Section 3.1. The selected applied external compressive stresses cover the range from
3 to 11 MPa, which are within the linear-elastic limit 0.4 f c (taking the cylinder compressive
strength f c as 30 MPa, approximately the minimum grade for concrete utilized in existing
RC bridge structures). The varied upper compressive stress bounds were determined
according to Figure 7b, and the corresponding stress-dependent functions are illustrated
in Figure 21. The investigated reinforcement ratios range from 0.6% to 3.7%, covering the
range from low to dense reinforcement.

Table 5. Parameters of the supplementary models.

Samples Types Parameters

LoadCube

Concrete elastic modulus Constant Ecm, deteriorated Ecm,asr

Stress-dependent function σU = 4, 6, 8, 10, 12 MPa

Applied compressive stress σc = 3, 5, 7, 9, 11 MPa

RcPrism

Concrete elastic modulus Constant Ecm, deteriorated Ecm,asr

Creep No creep, creep

Stress-dependent function σU = 4, 6, 8, 10, 12 MPa

Steel plate thickness No steel plate, t = 10, 30, 50, 70 mm

Reinforcement ratio ρs = 0.6% (4ds10), 1.2% (4ds14), 1.5% (4ds16), 1.9%
(4ds18), 2.9% (4ds22), 3.7% (4ds25)

Note: The bold number indicates the benchmark parameter of the physically tested specimens.

 

Figure 21. Stress-dependent functions assuming different upper compressive stress bounds (σU).
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4.1. LoadCube Samples
4.1.1. Elastic Modulus

Figure 22 presents the influence of assuming a damaged elastic modulus on the
restrained ASR expansion for the 2020-LoadCube sample. At 531 days, the elastic modulus
is reduced to 37% of the initial elastic modulus in the region with the largest ASR expansion
according to Equation (7). As illustrated, a damaged elastic modulus yields reduced
expansion in the two directions, which is caused by the increased compressive strain or
deformation. However, the effect can be neglected since it is relatively small.
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Figure 22. Influence of elastic modulus on restrained ASR expansion at the concrete surface for the
2020-LoadCube sample.

4.1.2. Stress-Dependent Function

Figure 23 presents the influence of the upper compressive stress bound in the stress-
dependent function on restrained expansion for the 2020-LoadCube sample. In the FE
models, the applied external compressive stress was kept at 3 MPa. As the stress bound
increases from 4 MPa to 12 MPa, the constrained effect on expansion continuously declines,
resulting in increased expansion, as can be observed in the two directions. Furthermore, the
influence on expansion in the load direction is more pronounced than in the free direction.

4.1.3. Applied External Stress

Figure 24 compares the influence of the applied external stress on the restrained
expansion for the 2020-LoadCube sample. The expansion in the load direction shows a
significant decrease as the compressive stress increases from 3 MPa to 7 MPa, followed
by a minimal reduction when the compressive stress increases from 7 MPa to 11 MPa.
This behavior is attributed to the upper compressive stress bound of the stress-dependent
function being set at 6 MPa, beyond which the ASR expansion becomes negligible.

Additionally, the expansion on the concrete surface in the middle of the cube height in
the free direction also exhibits a pronounced decline as the compressive stress increases from
3 MPa to 11 MPa, as shown in Figure 24. Figure 25 illustrates the normal stress distribution
of the concrete cube in the free direction (x-axis) under the varying compressive stress,
in which each stress condition consists of two cases: during the load step (without ASR
expansion) and including ASR expansion at 531 days. Even at the load step, the normal
compressive stress in the free direction presents an increasing trend as the compressive
stress increases from 3 MPa to 11 MPa. Furthermore, the normal compressive stress in
the free direction grows at the expansion step, which can be interpreted by the restrained
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expansion effect from the two steel plates. This phenomenon can explain the decreased
ASR expansion in the free direction.
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Figure 23. Influence of the upper compressive stress bound of stress-dependent function on restrained
ASR expansion at the concrete surface for the 2020-LoadCube sample.
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Figure 24. Influence of the applied external stress on restrained ASR expansion at the concrete surface
for the 2020-LoadCube sample.

4.2. RcPrism Samples
4.2.1. Elastic Modulus

Figure 26 compares the influence of constant and damaged elastic modulus on the
restrained expansion strain at the concrete surface for the 2020-RcPrism-4ds16 sample.
At 531 days, the elastic modulus is reduced to 37% of the initial elastic modulus in the
region with the largest ASR expansion according to Equation (7). As shown, the two
curves approximately overlap, indicating the influence of the damaged elastic modulus
is negligible. The explanation is the same as the corresponding comparison for the 2020-
LoadCube sample.
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Figure 25. Normal stress distribution in free direction (x-axis) for 2020-LoadCube sample:
(a) σc = 3 MPa, benchmark; (b) σc = 7 MPa; and (c) σc = 11 MPa.
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Figure 26. Influence of elastic modulus on restrained ASR expansion strain at the concrete surface for
the 2020-RcPrism-4ds16 sample.

4.2.2. Creep

Figure 27 compares the influence of concrete creep on the expansion strains and
stresses for the 2020-RcPrism-4ds16 sample. It is shown that the creep has a limited impact
on the ASR expansion strain at the concrete surface in the two directions. Considering
creep results in decreased expansion strain in the inner part of the member, it subsequently
reduces the rebar strain and stress, which in turn lowers the stress in the surrounding
concrete. It is noted that the adopted creep model in the FE analysis is for concrete without
ASR damage; the creep behavior of ASR-affected concrete needs further experimental
investigation and the corresponding model is to be developed [55].
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Figure 27. Influence of creep on stresses and strains of the 2020-RcPrism-4ds16 sample: (a) restrained
ASR expansion strain at the concrete surface in the rebar direction; (b) restrained ASR expansion
strain at the concrete surface in the free direction; (c) rebar stress at mid-section; and (d) concrete
stress distribution along the central axis at mid-section.

4.2.3. Stress-Dependent Function

Figure 28 compares the influence of the upper compressive stress bound of the stress-
dependent function on the restrained expansion strain at the concrete surface for the
2020-RcPrism-4ds16 sample. The increase in the upper compressive stress bound from
4 MPa to 12 MPa yields a declining restrained effect on expansion, leading to the expansion
strain in the rebar direction growing from 2430 µε to 2920 µε. Because the expansion-
induced compressive stress in the free direction is limited, the influence on the correspond-
ing expansion strain is negligible.

4.2.4. Steel Plate Thickness

Figure 29 compares the influence of the steel plate thickness on the stresses and strains
for the 2020-RcPrism-4ds16 sample. As shown in Figure 29a, increasing the steel plate
thickness from 10 mm to 70 mm has a slight impact on the restrained ASR strain in the
rebar direction, while the FE model without steel plates yields the smallest restrained
ASR expansion strain. As for the restrained ASR expansion strain in the free direction,
increasing steel plate thickness results in a considerable decline in response, as illustrated in
Figure 29b. Two reasons can explain this phenomenon. The presence of steel plates tied to
the concrete prism restrains the lateral expansion (free direction, x-axis, and y-axis), leading
to the extension effect for the deformation in the rebar direction and increased restrained
ASR expansion strain. Because the steel plates have a more significant restraining effect
on the lateral deformation compared to the longitudinal deformation, the increasing steel
plate thickness only yields a limited effect on the restrained ASR expansion strain in the
rebar direction.
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Figure 28. Influence of the upper compressive stress bound for stress-dependent function on re-
strained ASR expansion strain at the concrete surface for the 2020-RcPrism-4ds16 sample.

Figure 29. Influence of steel plate thickness on stresses and strains of the 2020-RcPrism-4ds16 sample:
(a) restrained ASR expansion strain at the concrete surface in the rebar direction; (b) restrained ASR
expansion strain at the concrete surface in free direction; (c) rebar stress at mid-section; (d) rebar
stress at end-section; (e) average concrete compressive stress at mid-section; and (f) average concrete
compressive stress at end-section.

As shown in Figure 30, increasing the steel plate stiffness transfers the end-section
deformation of the concrete prism from concave to flat, and the location of maximum
expansion strain changes from end-section to mid-section. Figure 31 presents the influence
of the steel plate thickness on deformation and restrained ASR expansion strain in the free
direction (x-axis), in which the red zone denotes the maximum strain. The FE model without
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steel plates provides a uniform ASR expansion strain distribution. As the steel plate thickness
increases from 10 mm to 70 mm, the maximum strain zone becomes smaller and smaller.

Figure 30. Influence of steel plate thickness t on the deformation and restrained ASR expansion strain
in the rebar direction: (a) no steel plate; (b) t = 10 mm (benchmark); (c) t = 30 mm; (d) t = 50 mm; and
(e) t = 70 mm.

Figure 31. Influence of steel plate thickness t on the deformation and restrained ASR expansion strain
in free direction: (a) no steel plate; (b) t = 10 mm (benchmark); (c) t = 30 mm; (d) t = 50 mm; and
(e) t = 70 mm.

Furthermore, the steel plate thickness has a significant effect on the strain and stress
at the end-section, but only a slight influence in the mid-section, as demonstrated in
Figure 29c–f. From without steel plates to the presence of steel plates and to increasing
the thickness to 50 mm, the rebar stress and concrete compressive stress at the end-section
are enhanced by approximately 3.3 times. This is due to the steel plate contributing to the
improved stiffness of the rebars at the end-section compared with those at the mid-section.
In addition, the enhancing effect from steel plate thickness starts to decline as the thickness
increases from 50 mm to 70 mm.

Figure 32 compares the influence of steel plate thickness on the 531-day concrete stress
distribution along the central axis at mid-section. The stress distributions of all the cases
present a similar trend, increasing from the end to the center. The FE model without steel
plates has the minimum concrete stress (at the center) of −5.5 MPa, while that with a 10 mm
thick steel plate yields the maximum concrete stress (at the center) of −18.9 MPa. As the
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steel plate changes from 30 mm to 70 mm, its impact on the concrete stress is not significant.
Even though the steel plate thickness leads to a pronounced response on the concrete stress
distribution along the central axis at mid-section, the average concrete stress of this whole
cross-section for all cases is kept approximately at −4 MPa, as presented in Figure 29e.

4.2.5. Reinforcement Ratio

Figure 33 compares the influence of reinforcement ratio on the RcPrism stresses and
strains. Increasing reinforcement ratio leads to an enhanced relative stiffness of steel rebars
to the concrete prism, thus increasing the restrained effect of the ASR expansion. As shown
in Figure 33a,b, as the reinforcement ratio increases from 0.6% to 3.7%, the restrained ASR
expansion in the rebar direction declines from 3130 µε to 2200 µε, while in the free direction,
the change is negligible. The decreased ASR expansion in the rebar direction results in
lower rebar strains and stresses, while the concrete compressive stresses are larger, as
illustrated in Figure 33c–f. It can also be concluded that ASR-affected structural members
with a lower reinforcement ratio are more susceptible to rebar yielding than members with
a higher reinforcement ratio.

Figure 32. Influence of steel plate thickness t on the concrete stress distribution at 531 days along the
central axis at mid-section.

Figure 33. Influence of reinforcement ratio on stresses and strains of the RcPrism sample: (a) restrained
ASR expansion strain at the concrete surface in rebar direction; (b) restrained ASR expansion strain at
the concrete surface in free direction; (c) rebar stress at mid-section; (d) rebar stress at end-section;
(e) average concrete restrained compressive stress at mid-section; and (f) average concrete restrained
compressive stress at end-section.
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5. Conclusions
In this work, experimental results on free and restrained ASR expansion have been

validated by numerical simulations conducted by ABAQUS. On the basis of the validated
FE models, the influence of elastic modulus, creep, stress-dependent function, steel plate
thickness, and reinforcement ratio on the ASR expansion was numerically analyzed. Based
on the investigations, the main conclusions are:

(1) A time-dependent model for free ASR expansion was developed based on experimen-
tal data, which effectively characterizes the three distinct stages of ASR evolution:
incubation, rapid development, and deceleration.

(2) A user subroutine for restrained ASR expansion incorporating stress-dependent
characteristics was implemented on the ABAQUS platform. Finite element mod-
els utilizing this subroutine successfully simulated the expansion history of concrete
specimens under external loading or internal reinforcement restraint, with results
validated against experimental measurements.

(3) The finite element analyses demonstrate that the ASR expansion varies between
surface and interior zones of the investigated concrete specimens. The ASR expansion
strain diminishes toward the interior due to the restraint from rebars. Consequently,
assuming that the surface ASR expansion strain equals the rebar strain results in
significant overestimation of the actual strain values for the rebar.

(4) For the tested RcPrism samples with two 10/15 mm thick end steel plates, the rebar
strain over a 200 mm measurement length varies from 40% to 60% of the concrete
surface strain.

(5) The large variations in stress and ASR expansion strain over the test specimens may
explain the large variation in the ratio between restrained and free expansion reported
in the literature.

(6) The stress variation over the cross-section is considerably reduced when creep is
considered, while the concrete strain at the surface is slightly influenced by creep.

(7) The stress-dependent function proposed by Charlwood et al. and an upper stress
bound of 6 MPa work well for all the investigated test specimens.
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Appendix A

Figure A1. Stresses and strains of the 2020-RcPrism-4ds20 sample: (a) restrained ASR strain distribution
and rebar strain distribution in the longitudinal direction at 531 days; (b) restrained ASR strain history
and rebar strain history; (c) rebar stress distribution at 531 days; (d) concrete normal stress distribution
in the longitudinal direction at 531 days; (e) rebar stress history; and (f) concrete stress history.

Figure A2. Stresses and strains of the 2019-RcPrism-4ds10 sample: (a) restrained ASR strain distribution
and rebar strain distribution in the longitudinal direction at 1100 days; (b) restrained ASR strain history
and rebar strain history; (c) rebar stress distribution at 1100 days; (d) concrete normal stress distribution
in the longitudinal direction at 1100 days; (e) rebar stress history; and (f) concrete stress history.
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Figure A3. Stresses and strains of the 2019-RcPrism-4ds16 sample: (a) restrained ASR strain dis-
tribution and rebar strain distribution in the longitudinal direction at 1100 days; (b) restrained
ASR strain history and rebar strain history; (c) rebar stress distribution at 1100 days; (d) concrete
normal stress distribution in the longitudinal direction at 1100 days; (e) rebar stress history; and
(f) concrete stress history.
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